The blending of oxygenated compounds with gasoline is projected to increase because oxygenate fuels can be produced renewably, and because their high octane rating allows them to be used in substitution of the aromatic fraction in gasoline. Blending oxygenates with gasoline changes the fuels' properties and can have a profound affect on the distillation curve, both of which are known to affect engine-out emissions.
In this work, the effect of blending methanol and ethanol with gasoline on unburned hydrocarbon and particulate emissions is experimentally determined in a spray guided direct injection engine. Particulate number concentration and size distribution were measured using a Cambustion DMS500. These data are presented for different air fuel ratios, loads, ignition timings and injection timings. In addition, the ASTM D86 distillation curve was modeled using the binary activity coefficients method for the fuel blends used in the experiments.
In general, unburned hydrocarbon emissions were reduced at low load but increased at high load for the alcohol blends. The effect on particulate emissions was dependent on the operating point: for rich mixtures the accumulation mode number concentration and count median diameter were reduced with the oxygenate blends. However, blending gasoline with oxygenates also caused the nucleation mode number concentration to increase, particularly for M85. The distillation curve modeling showed that blending oxygenates affects the distillation curve much more than would be expected from a linear blending relationship: the front end volatility is reduced a little, whilst the mid range volatility is increased significantly, particularly for methanol blends.
INTRODUCTION
Spray Guided Direct Injection (SGDI) engines are a key enabler to reducing CO 2 emissions and improving fuel efficiency. Methanol and ethanol can be blended with gasoline to make fuels that are suitable for automotive use, and they can be made by renewable and sustainable means. This research explores the effect on the emissions of ultra-fine Particulate Matter (PM) and unburned hydrocarbons when such fuels are used in a SGDI engine. Much of the historical work in this area has focused on the measurement of soot, smoke or particulate mass emissions from diesel engines, and how they can be reduced by using fuels with oxygen in the fuel molecule. This literature generally suggests that the reduction in PM mass emissions is correlated with the amount of oxygen in the fuel molecule. Whilst PM mass is an important metric, some recent literature suggests that PM size and number may be more important as a predictor of the health effects of PM [1] . In the present work, the number concentration of PM is measured for particles with equivalent diameters 1 between 5 and 1000 nm, and data are presented as PM size distributions.
In a diesel application with methanol fuel, Kaskavaltzis et. al. [2] reported an order of magnitude reduction in PM mass compared to conventional diesel fuel. Emissions of NO x and CO were also significantly reduced. Similar results were found by King and Prakash [3] . According to Black [4] , the reduction in NO x emissions for methanol is due to the lower flame temperature, high heat of vaporization and fast flame speed. Adiabatic flame temperatures and heats of vaporization are given in Table 3 .
Combustion of alcohols is also known to produce emissions of aldehydes, particularly formaldehyde and acetaldehyde, which are highly reactive in ozone formation. High formaldehyde emissions are mentioned in references [2] [3] [4] , and also by Gardiner et. al. [5] . This is not surprising because aldehydes are partial oxidation products of alcohols.
As pure fuels, methanol and ethanol are not volatile enough to be used under cold conditions. Brinkman et. al. [6] and Gardiner et. al. [5] also reported cold starting difficulties with pure alcohol fuels. Partly to alleviate this problem, methanol or ethanol can be blended with 15 percent gasoline to provide the light-end components that vaporize at low temperatures. These blends are known as M85 (85 percent methanol and 15 percent gasoline by volume) and E85 (85 percent ethanol and 15 percent gasoline). M30 and E30 were also tested as these might be used in 'standard' engines without the need for significant fuel system modifications.
The spray guided prefix in SGDI refers to the mixture preparation strategy used in these engines. Through a combination of higher volumetric efficiency and compression ratio due to charge cooling, reduced wall heat losses and stable operation over a large stratified charge range, these engines have significantly higher fuel economy than port fuel injected engines. For example Frohlich and Borgmann [7] demonstrated 20 percent higher fuel economy for a spray-guided Direct Injection Spark Ignition (DISI) combustion system with piezoelectric injectors than for a port fuel injected engine. Further details can be found in references [8] [9] [10] .
In all DISI engines, the time available for mixture preparation is limited to the window between injection and ignition, and this is usually less than the time needed for the charge to become a homogeneous mixture and even for all the fuel to evaporate. Consequently, charge heterogeneity and droplet combustion are two mechanisms causing PM emissions in DISI engines. In addition to emissions measurements, fast response in-cylinder temperature measurements were made using cold-wire thermometry. From these data, the change in the charge internal energy between injection and ignition was calculated as an indicator of mixture preparedness with the different fuel blends.
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EXPERIMENTAL APPARATUS
ENGINE
The engine was a single cylinder spray guided direct injection spark ignition engine, with the geometry shown in Table 1 . As can be seen from Figure 1 , the injector and spark plug are mounted close together in the top of a pent roof combustion chamber. Both are inclined at a small angle to the longitudinal axis of the cylinder. The piston was a conventional flat-top design. PM number concentration and size distribution was measured with a Cambustion Differential Mobility Spectrometer (DMS500), as described in [11] and [12] . Size discrimination is achieved by classifying particles according to their charge to aerodynamic drag ratio, yielding an electrical mobility equivalent diameter. PM number concentration is computed from electrometer currents that arise due to the flux of electrically charged particles arriving at electrometer surfaces within the particle classification column.
The sample point was in the feed-gas, with 10:1 dilution at the sample point made using a choked flow dilution system. In these experiments the diluent was molecular nitrogen at ambient temperature. After dilution, the sample was transported to the DMS500 through a short length of conductive tubing.
INSTRUMENTATION -UNBURNED HYDROCARBON EMISSIONS (UBHC)
UBHC measurements were made with a Cambustion fast response Flame Ionization Detector (fastFID). A detailed description of this instrument can be found in [13] . The fastFID was setup to sample from the same position as the DMS500, in the feed-gas. As previously described in [14] , a dynamic calibration system was used so that a two-point calibration was performed insitu before and after every measurement. This method has the advantage that the calibration is done under operating conditions and so the sample probe is exposed to the same pressure and temperature as during the measurement. Drift-corrections are made automatically as the instrument sensitivity is defined as the mean of the offset corrected span calibration points.
For most hydrocarbons, the FID response is proportional to the number of C atoms in each molecule. For alcohols, the C bonded to O in an R-O-H group where R is an alkyl radical gives a response of about 50 to 85 percent of a C atom [13] . The same is true for the FID response to aldehydes.
INSTRUMENTATION -IN-CYLINDER TEMPERATURE MEASUREMENTS
The in-cylinder temperature varies vastly and rapidly from ambient temperature to combustion temperature in millisecond timescales. In order to accurately measure the temperature changes during the fuel injection and evaporation process, a sensor must have a response time in the range of milliseconds. A cold wire resistance thermometer was used to measure the in-cylinder temperature. The principle of operation is discussed in detail in [15] . The sensor was a fine tungsten wire with a platinum coating. It was 5 μm in diameter and 1.25 mm long. The small diameter ensures a minimal thermal inertia, and hence a fast response time. Based on the well known Collis-Williams heat transfer correlation [16] , it has been estimated that the frequency response (-3dB point) ranges from 250 to 500 Hz at a flow velocity between 5 m/s to 40 m/s. The velocity range is considered typical of the intake and compression strokes. This is sufficiently fast to study temperature changes in the cylinder.
Since the sensor is so fine, it is too fragile to be used under firing conditions. It was only used when the engine was running with injection, but without spark. Other conditions such as injection timing and duration, coolant temperature and operating points were matched to the firing tests as closely as possible. Since the main interest is on the temperature during the intake and compression strokes, where the effect of combustion is minimal, the results should be directly relevant to the firing tests.
The sensor was installed in place of a spark plug hole using a specially designed adaptor. The adaptor was designed to seal the gas from escaping through the sensor body, and provide mechanical support to withstand the pressure force. The measurement point was 4 mm above the combustion chamber surface, which was where the arc would have struck if the spark plug was there. The adaptor had a shield concentric to the spark plug centerline. This was to ensure that the gas temperature was accurately measured without the effect of fuel impingement.
FUEL COMPOSITION AND DISTILLATION CURVES
The composition of the base Unleaded Gasoline (ULG) is given in Table 2 . In addition to this, some properties of the alcohols used for blending are given in Table 3 The ASTM D86 distillation curves have been predicted for blends of ULG95 with 10% and 30% by volume of ethanol and methanol, and can be seen in Figure 2 . The UNIFAC method was used to obtain activity coefficients to account for liquid phase interactions. The accuracy of this method has previously been checked by comparison with experimental data. It generally gives good agreement, although the transition region where the temperature with the alcohol blends rises sharply towards the temperature with the base fuel is generally slightly less steep in the calculated distillation curve than is found by measurements. The distillation curve modeling ( Figure 2 ) shows that blending alcohols with ULG affects the distillation curve much more than would be expected from a linear blending relationship: the front end volatility is reduced a little, whilst the mid range volatility is increased significantly, particularly for the methanol blends.
Note that the enthalpy of vaporization of the alcohol-ULG blends is not a linear combination of the values of the constituents due to the enthalpy of mixing. The mixing reaction is endothermic, and therefore the enthalpy of vaporization of the mixture is less than that calculated by linear combination.
CHARGE TEMPERATURE AND MIXTURE PREPARATION
In direct injection engines, there is only a limited time for the fuel to vaporize and mix with the air to form a combustible mixture. The quality of mixture preparation has a direct impact on PM and UBHC emissions. Piston and cylinder wall wetting, incomplete evaporation and incomplete mixing lead to charge heterogeneity, pool fires and droplet combustion which are known to cause PM formation.
When liquid fuel is being injected into the cylinder, it evaporates and absorbs heat from the surroundings, which includes the bulk gas, piston crown and other combustion chamber surfaces. This will lower the in cylinder temperature. In general, better mixture preparation will have more fuel evaporated before ignition, and hence a higher temperature drop in the gas is expected. It follows that in-cylinder temperature can be an indicator of how well the mixture is prepared.
Two temperature parameters are considered. The first is the temperature change before and after the fuel injection event (also known as charge cooling). As the fuel is injected into the cylinder in the intake stroke, some of it vaporizes, absorbing energy from the surroundings (mostly from air). Hence the charge temperature decreases. So, the amount of fuel evaporated can be inferred from the extent of charge cooling. The second temperature parameter is the temperature rise from Inlet Valve Closure (IVC) to Ign (TT T c ). Dodge [17, 20] found that most of the fuel evaporation happens in the compression stroke. This is because the rate of evaporation increases exponentially with temperature. So, TT T c may be a better indicator of fuel evaporation and the quality of mixture preparation. It can be seen that the highest amount of charge cooling occurs when the fuel is M85, and the charge cools the least when ULG is used. However, a completely opposite trend is shown in the temperature rise due to compression.
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It is important to note that the temperature measurements were made in the region of the spark plug electrode gap. These data are local measurements, and therefore might not be representative of the temperature at different locations in the cylinder. The problem is particularly severe during the fuel injection event, because the fuel is not distributed uniformly in the cylinder. In fact, the charge cooling observed is lower than the theoretical maximum attainable. For example, had all the M85 fuel evaporated after injection, the charge would be cooled by 100 K, assuming the enthalpy of vaporization was solely supplied by the enthalpy change of the charge. It is thus clear that the evaporation process is either limited by the saturation of the fuel, and/or by diffusion and mixing within the cylinder. In contrast, the temperature rise due to compression (TT T c ) may be considered more like a global quantity. This is because fluid motion (mixing and turbulence) will tend to even out any temperature gradients and the droplet distribution in the cylinder during the compression stroke.
Given that evaporation happens mostly in the compression stroke and the measured charge temperature in the compression stroke is then more representative of the whole cylinder, only TT T c will be used to assess the fuel evaporation process. TT T c indicates the change in internal energy of the charge (ΔU). This is based on the assumption of a uniform air fuel mixture, i.e. no residual gas fraction. From Eq. 1, ΔU and the heat absorbed for evaporation (L) is balanced by the work done on the charge (W) and the net heat transfer to the surroundings (Q).
Q W U L
The heat transfer is mainly to the cylinder wall, which is not significant as the average charge temperature from IVC to Ign is only 15 K higher than the coolant temperature. So, the work done by the piston is essentially used to raise the internal energy of the charge, and to supply energy for evaporating the fuel. If more energy is used to evaporate the fuel, it should indicate more complete mixture preparation. This occurs when:
• There is a smaller increase in internal energy with the same work done.
• There is a greater work done on the charge with the same change in the internal energy.
These two aspects have to be assessed together to determine which fuel has the best mixture preparation.
Note that TT T c between different fuels cannot be used in place of ΔU. Firstly, the alcohol blends have a lower stoichiometric air-fuel ratio, so for a stoichiometric mixture and identical air mass flow rate (the control conditions in these baseline tests), more fuel mass is injected than ULG as shown in There are two competing effects in the alcohol blends: the mass in the cylinder is greater compared to the mass of ULG, but their constant volume specific heat is also lower than ULG. It was therefore decided that the best indicator is to calculate the change in internal energy directly.
PARTICULATE MATTER EMISSIONS
The data presented in this section are PM size distributions measured with the DMS500 (described earlier). The quantity on the abscissa is the electrical mobility equivalent diameter, d p , and the ordinate is the PM number concentration, normalized with the differential interval of the logarithm of particle size, dN/dlogd p . A logarithmic scale is used on both axes because the data span several orders of magnitude. The distributions shown are time-averaged and were sampled under steady-state operating conditions. Figures are presented and discussed in turn for the PM response to the relative air fuel ratio, λ, ignition timing and injection timing, with the data for the five different fuels shown as sub-figures within each figure.
In addition to PM size distributions, each figure also contains a sixth sub-figure in the lower right-hand corner. This shows the 'total' PM number concentration, N. The quantity N is the PM number concentration for particles in the measured size range (5 < d p < 1000 nm), calculated by numerically integrating the PM size distributions with respect to d p . In the figures, the logarithm of N is presented to permit the comparison of data with a range of orders of magnitudes.
PM size distributions are often bi-modal, with the two characteristic modes being known as the nucleation mode and the accumulation mode. These modes are distinguished by the particle equivalent diameter, with the nucleation mode generally being 5 < d p < 40 nm and the accumulation mode being 40 < d p < 500 nm. A third mode, known as the coarse particle mode, can sometimes be observed. It is usually negligible, especially when the metric is PM number concentration. A more detailed description of these modes and a discussion of their significance can be found in [21] . Figure 4 shows PM size distributions for all five fuels at a series of different relative air fuel ratios in the range 0.8 < λ < 1.2. The λ ratio was set using an ECM AFRecorder, model 1200A (calibrated heated universal exhaust gas oxygen sensor). The ignition timing was set to the Minimum advance for Best Torque (MBT) by sweeping the ignition timing for each fuel and finding the maximum Indicated Mean Effective Pressure (IMEP).
For all the fuels tested, the response of PM number concentration to the relative air fuel ratio was to increase with decreasing λ ratio. So the highest PM emissions were measured for rich mixtures (λ = 0.8). For the base fuel (ULG), the response was strong. For example the accumulation mode PM number concentration at a lambda ratio of 0.8 is over two orders of magnitude higher than at a lambda ratio of 1.2. For M85 and E85, the magnitude of the accumulation mode was smaller (~10 5 particles/cm 3 for λ = 1.0). In addition, the accumulation mode PM response to λ for M85 and E85 was much less pronounced than for the ULG. However, M85 and E85 still showed a significant response of the nucleation mode PM to λ.
Inspection of N in the lower right hand sub-figure allows the emitted PM number concentrations for the different fuels to be ranked in order of magnitude. In general, the lowest PM number concentrations (across the measured range of d p ) were measured for E85, followed by E30. After the ethanol blends, M30 and M85 gave the lowest numbers for lean mixtures but ULG was lower for rich mixtures.
A possible explanation for the invariance of the accumulation mode with λ for the fuel blends with 85 percent alcohol may be drawn from the work of Santoro and co-workers [22] , which is also cited in [23] . They suggest that the presence of oxygenated compounds in combustion reduces the concentrations of key intermediate species that are required for the formation of the initial aromatic ring that is known to be a pre-cursor to soot particle inception.
A consequence of the smaller accumulation mode for the 85 percent alcohol blends is that the surface area available for adsorption of condensing organic species is reduced, and thus this material is more likely to nucleate homogeneously, forming high concentrations of nucleation mode PM, as can be seen in Figure 4 . Figure 5 shows the PM response to ignition timing for the five fuel blends. The limits on the logarithmic scales used are the same as those used in Figure 4 and Figure  6 .
The magnitude of the PM number concentrations measured generally increases with ignition advance, although the response over the range of ignition timings tested was weaker than for the relative air fuel ratio. For example the accumulation mode PM number concentrations measured when the fuel was ULG varies over about an order of magnitude, compared to two orders of magnitude when changing λ. This dependence of PM emissions on ignition timing is to be expected because the temperature in the expansion and exhaust strokes is highest for late ignition timing, and so the amount of post-flame oxidation of organic compounds before exhaust valve opening is increased. In addition to post-flame oxidation, advancing the ignition reduces the time available for mixture preparation. This change may be far greater than expected from the small change in the mixture preparation time. This is because the fuel evaporation rate is highly temperature dependent; thus a few extra crank angle degrees late in the compression stroke may have a far greater effect on the fuel droplet size and mass fraction of fuel evaporated than the same number of crank angle degrees in the intake stroke.
Of the fuels tested, it was consistently found that the lowest PM number concentrations were when the fuel was E85. E30 and ULG were similar, and M30 followed by M85 gave the highest PM number concentrations. It should be noted that PM number concentration does not necessarily agree with PM mass. Inspection of the size distribution of the emitted PM for M85 in Figure 5 shows that most of the PM number is distributed in the nucleation mode, and that the accumulation mode number concentrations are lower than for the base ULG.
For E85, the accumulation mode PM is very low (similar to ambient background levels at (~10 4 particles/cm 3 ) when the ignition advance was 15 and 20 CAD. It is currently unclear why it is the case for E85 more than the other fuels. The remaining PM is nearly all nucleation mode, and shows a strong dependence on ignition timing (expansion temperature) which suggests that it may be composed of a significant volatile organic fraction. This is consistent with high UBHC emissions as shown later in Figure 9 . If this is the case, the nucleation mode is probably formed by condensation nucleation of volatile organic compounds that become supersaturated as the exhaust cools. It is hoped that further research will test this hypothesis by testing the sample volatility using a sample conditioning device such as a thermo-denuder. Figure 6 shows the PM response to injection timing. It should be noted that the injection timings shown here are for the start of injection (SOI), and that the injection duration depends on the operating point and fuel being used. The blends with high alcohol concentrations require the longest injection durations due to their lower stoichiometric air-fuel ratio compared to ULG. For M85 at the operating point used in Figure 6 the injector duration was 3.8 ms, which corresponds to 34 CAD at 1500 rpm. As for the data in Figure 4 , MBT ignition timing was set for each fuel by selecting the minimum advance corresponding to the highest IMEP.
The lowest accumulation mode PM number (d p > 40 nm) were measured when injection was earliest (SOI = 40 CAD aTDC), presumably due to there being the longest time available for mixture preparation. Hence PM emissions increase as the time for mixture preparation is reduced. This argument holds for ULG and E30, but does not describe the observed PM emissions for M30, M85 and E85, which are more volatile. In fact, PM emissions for M30, M85 and E85 for late injection (160, 200 CAD aTDC) are comparable if not lower than the earliest injection (40 CAD aTDC). The effect of injection timing on PM emissions is confounded by the following two factors:
1. Time for mixture preparation -this includes time for the fuel to evaporate and mix to form a homogeneous charge.
2. Piston and wall wetting -for early intake stroke injection, fuel impinges on the piston crown creating a fuel film. This film can burn diffusively and as a pool fire. Both cases are particularly effective at forming primary carbon particles that later aggregate and are measured as PM emissions.
The effect of SOI on the feed-gas PM emissions is quite strongly dependent on fuel composition and volatility [14] . If the fuel is sufficiently volatile to evaporate before ignition, the minimum PM emissions will occur at the SOI where piston and wall wetting are also at a minimum. In this case late injection (~BDC) is favorable. Conversely, if the fuel has a significant 'heavy' fraction, the time for mixture preparation is likely to be dominant over the effects of piston and wall wetting, so an early injection is desired to minimize PM emissions. The in-cylinder temperature measurements made here are used to verify this theory. 
With ULG, the heat absorbed for evaporation decreases approximately monotonically with injection retard through about 6 percent compared to the value at SOI = 40 CAD aTDC. With E85, the result was quite different: the relationship between the heat absorbed for evaporation and SOI was non-linear, with a minimum at SOI = 120 CAD aTDC, and maxima at both early and late SOIs. This trend is in agreement with the accumulation mode PM emissions for E85 as seen in Figure 6 .
The impact of SOI on PM emissions can be related by how readily the fuels evaporate in the compression stroke. A volatile fuel (E85) will give low PM emissions with late injection because of reduced piston and wall wetting. For a less volatile fuel (ULG) that has insufficient time to evaporate in the compression stroke, the time for mixture preparation is more important than piston wetting. In this case, late injection will result in droplet combustion, which may then lead to high accumulation mode PM emissions.
UNBURNED HYDROCARBON EMISSIONS Figure 9. Response of Unburned Hydrocarbon Emissions to (from left) relative air fuel ratio, ignition timing and injection timing (SOI). Operation point: 1500 rpm.
The data presented in this section were measured with a fast Flame Ionization Detector (fFID), as described earlier. A four-point calibration (two before and two after) was performed for every test point, and then the fFID sensitivity was calculated as the mean of the offset corrected span calibration points. For the steady state results presented here, the data were time averaged. Whilst this is sufficient for an approximate analysis, the correct approach requires a transit time corrected and mass flow-rate weighted average. The mass flow-rate is currently not known but may be obtained from one dimensional steady flow simulations of the flow through the exhaust valves.
A further limitation of the application of this technique to measure emissions from alcohol combustion is the fFID response to alcohols and aldehydes (see Cheng et. al. [13] ). Emissions of aldehydes are an inevitable consequence of alcohol combustion, particularly with rich air fuel mixtures. A more rigorous approach would be to speciate the UBHC emissions using a gas chromatogram and/or a mass spectrometer. Possibly the most significant observation is that the ranking of UBHC emissions by fuel is not the same at low (inlet pressure = 0.5 bar) and high loads (inlet pressure = 0.8 bar). At low load, the lowest UBHC emissions were measured when using the alcohol blends. The highest UBHC emissions were when using the ULG, particularly with rich air fuel mixtures (λ < 1.0). At high load, the difference in UBHC emissions between the fuels was more pronounced. With the exception of very early injection, E85 gave the highest UBHC emissions at high load. M30, M85 and E30 were in the middle and ULG was usually the lowest.
UBHC emissions decrease with increasing relative air fuel ratio in the range 0.8 < λ ~< 1.1, and then increase. The increase is coincident with a sharp increase in the coefficient of variation of indicated mean effective pressure (CoV of IMEP), which suggests an increase in partial burns and the approach of the lean flammability limit. For the relative air fuel ratio tests there is a systematic difference in the ranking of the UBHC curves by fuel. At low load, the highest UBHC emissions were measured for ULG, and the alcohol blends were comparatively similar. For example, the UBHC emissions were about 60 percent higher at a λ ratio of 0.8 for ULG compared to the alcohol blends. There was no discernable difference in the CoV of IMEP between the fuels for λ <=1.1. At high load, ULG gives the lowest UBHC emissions, and also the lowest CoV of IMEP. E85 gave the highest, followed by the other alcohol blends. At a λ ratio of 0.8, the UBHC emissions from E85 were 65 percent higher than for ULG. The difference decreased with increasing λ ratio. At a λ ratio of 1.1 (still high load) the UBHC emissions were almost exactly the same. The low load reduction in UBHCs when using alcohol blends is consistent with results in the literature for different types of engines, and is to be expected with fuel bound oxygen. The reversal for high load is unusual, but can possibly be explained by considering the larger volume of fuel that must be injected at high load for the alcohol blends due to their lower stoichiometric air fuel ratios. In addition to this, the mixture preparation analysis showed some saturation of the charge for the 85 percent alcohol blends. This suggests incomplete evaporation at the time of ignition may be a significant contributor to UBHC emissions in these cases.
At low load (inlet pressure = 0.5 bar), UBHC emissions increase with ignition advance, consistent with decreasing expansion temperature and post-flame oxidation. At high load (inlet pressure = 0.8 bar), the UBHC emissions are significantly higher, and their response to ignition timing is quite flat for the alcohol blends, suggesting that UBHCs out-gassing from the crevice volumes in the expansion stroke is not the dominant source of UBHC emissions. If the hypothesis of saturation of the fuel vapor in the compression stroke is assumed, then the dominant mechanism is probably incomplete combustion due to the presence of liquid droplets in the charge.
For most of the alcohol blends tested, UBHC emissions increased with fuel injection retard, i.e., they increase with decreasing time for mixture preparation. When ULG was used, the UBHC response was quite flat. A possible explanation for this is that the contribution to UBHC emissions from the fuel film on the piston crown (following injection) is less significant for the alcohol blends than for the ULG due to their higher mid-range volatility. Several authors have suggested that piston wetting is a significant source of UBHC emissions [24] [25] [26] [27] [28] , and it is suggested here that the heavy gasoline fraction will remain on the piston crown for much longer than the rest of the fuel, and therefore contribute more to UBHC emissions.
CONCLUSION
Measurements of emitted particulate matter and unburned hydrocarbons were made in a single cylinder spray guided direct injection spark ignition engine with the following five fuels: ULG, M30, E30, M85 and E85. Based on these measurements, the following conclusions were drawn:
• Blending 10 and 30 percent concentrations of methanol or ethanol has a profound effect on the ASTM D86 distillation curves. Compared to ULG, the front-end volatility is reduced a little, whilst the mid-range volatility is significantly increased.
• It has been shown that the heat absorbed for evaporation of the fuel can be inferred using a combination of fast in-cylinder temperature data and compression work calculated from cylinder pressure data. Further, it was shown that the temperature rise due to compression can be used to indicate the change in charge internal energy because of the tendency of the effects of different fuel masses and specific heat capacities of the alcohol blends approximately cancel out.
• For stoichiometric air fuel mixtures, the lowest PM number concentrations were measured for E85. ULG, E30 and M30 were generally similar and the highest PM number concentrations were consistently found when using M85. This is a generalization to which there are some outliers. Most notably when SOI was 120 CAD aTDC.
• Whilst the PM number concentrations measured for M85 were high, the PM size distributions were dominated by nucleation mode PM. The accumulation mode was consistently smaller than for ULG, suggesting lower PM mass, which is consistent with the literature reviewed in the introduction.
• The PM response to the relative air fuel ratio was much less pronounced for the 85 percent alcohol blends than for the 30 percent blends or the ULG, and the accumulation mode number concentrations were significantly lower, particularly for rich air fuel mixtures. It was postulated, with support from the literature, that the presence of oxygen in the fuel molecule reduces the concentrations of key intermediate species required for the formation of aromatic soot precursors.
• For ULG and E30, accumulation mode PM emissions increase with injection retard. This is only partially true for M30, M85 and E85; in these cases, the PM emissions were similar for late injection timing. Analysis of the measured temperature data confirms that fuel volatility dictates whether the time for evaporation or piston and wall wetting is the dominant source of PM emissions. A fuel (e.g. E85) that can readily evaporate in the compression stroke would give low PM emissions with late injection because piston and wall wetting are insignificant and vice versa.
• The response of unburned hydrocarbon emissions to the fuels tested was found to be dependent on load. At low load, the highest emissions were generally found when using ULG, particularly with rich air fuel mixtures. At high load the situation was somewhat reversed, with the highest UBHC emissions being from E85, and ULG giving the lowest. Based on fast in-cylinder temperature measurements during the compression stroke, it was suggested that the additional volume of fuel that must be injected to achieve the same relative air fuel ratio for the 85 percent alcohol blends can cause the charge to become saturated. The high UBHC emissions were then attributed to incomplete combustion due to the presence of liquid droplets in the charge.
